The study aims to determine the radioactivity levels of thermal waters which have been used seasonally or permanently in spas for therapeutic intentions. Samples were collected from spas in different regions of Turkey. Some radionuclides ( 40 K, 232 Th, 226 Ra, 137 Cs), gross alpha (GA) and gross beta (GB) activities, and physical and some chemical parameters were measured. Gamma radiation measurements for 226 Ra, 232 Th and 40 K radionuclides were performed by using a high purity germanium (HPGe) detector. The results of the gamma spectrometry ranged from 1.385 to 11.025 Bql À1 for 226 Ra, <minimum detectable activity to 3.477 Bql À1 for 232 Th and 9.679 to 36.989 Bql À1 for 40 K. GA and GB activity concentrations were detected by using ultra-low level α/β counter. The GA and GB activity ranged from 43 to 3,182 mBql À1 and 54 to 1,950 mBql À1 , respectively. Based on calculated annual effective dose equivalent, the total dose originated mostly from 226 Ra and slightly from 40 K. Furthermore, waters with high Cl content were enriched with 40 K, 226 Ra isotopes, and the source of GA and GB activity in these waters was mostly 226 Ra. Strong high positive correlation between Cl, 226 Ra and total dissolved solids in Cl-enriched samples indicated that the nuclides formed from dissolved minerals in these waters.
INTRODUCTION
Turkey is very rich in thermal waters that originate from rocks in different chemical composition and age, and these waters commonly have been used in spas (thermal springs) since ancient times. The physical and major chemical properties of some natural thermal waters have already been studied while their radioactivity is less known.
Radionuclides are the main reason of radiation exposure of human beings and constitute background radiation levels (Bozkurt et al. ) . The presence of radioactivity in nature is related to the radionuclides sourced by naturally decay chains, cosmic rays and artificial radionuclides.
The determination of radionuclide dispersion in the environment and calculation of the harmful effects of radiation exposure from the background is required. Natural radioactivity levels of a certain environment radionuclide depend on concentrations in air, water and rock that vary relative to geological and geochemical features of the source rocks. Cosmic rays from space also contribute to the background relating to altitude of the environment. Görür & Camgöz ; Kuluöztürk & Dogȓu ) . Radiation emitters in water are accountable for a small rate of the total dose exposed from natural and artificial radioactivity (UNSCEAR ). Transition of the chemical elements from rocks into the water depends on the geochemical characteristics of aquifers and period of the interaction between water and rocks (Janković et al. ) .
Several thermal spring waters having different characteristics formed throughout the western and eastern parts of Turkey, located mostly around active volcanism and fault zones. The aim of the present study is to determine the radioactivity of thermal spa waters with gross alpha (GA)/gross beta (GB) counting, and gamma emitter radionuclide activity concentrations; and also to determine some physical and hydrochemical characteristics of the waters and find a relationship with radioactivity properties. In accordance with this purpose, a total of 31 thermal water samples were collected at spas from different parts of Turkey. The activity concentrations of 226 Ra, 232 Th, 40 K and gross α/β in the samples were determined and annual effective dose (AED) was calculated.
Additionally, the concentrations of main cations, anions and physical parameters of water samples were determined.
MATERIALS AND METHODS
Thermal water samples were collected from 31 points of 20 spas in June 2011 and 2012 ( Figure 1 ). Polypropylene bottles which were carefully washed in the laboratory with bidistilled water were used for sampling. Three bottles of samples were taken from each spa. The first and second bottles were acidified with 3 N nitric acid to a pH of ≈2 to avoid biological contamination, precipitation of cations and adsorption of radionuclides onto the container material (Görür & Camgöz ) . The third bottle was taken for anion analysis and no additional treatment was carried out on the bottle. For all of the samples, 500 mL of water was passed through a 0.2 μm filter. Then, the first bottle water samples were used for major cation analysis. The total abundances of the major cations, e.g., Na, Ca, Mg and K of the waters were determined by ACME Laboratories (Vancouver, British Columbia, Canada) using inductively coupled plasma and mass spectrometry (Spectro ICP-MS and (2015)).
Perkin Elmer ELAN 9000 ICP-MS, USA, respectively).
Anion contents of the thermal waters were determined by ion chromatography in the Hydrogeology Laboratory of Hacettepe University (Ankara, Turkey). Chemical analyses were achieved and the physical features of the water using international standards (APHA-AWWA-WPCF ). Some in-situ parameters, such as pH, electrical conductivity (EC, μS/cm) and temperature (T, W C) were measured onsite using a portable multi-parameter water meter (WTW 340i The activity (Bql À1 ) of a sample for a given radionuclide was calculated as follows:
where A, N S , N B , ε, Pγ, t and V are sample activity (Bql À1 ), (2):
where N B , ε, Pγ and t are count of background, absolute efficiency, branching ratio, counting live time for certain radionuclides in gamma ray with energy E, respectively.
The AED of the thermal waters was calculated by using 226 Ra, 232 Th, 40 
where DR w is AED equivalent (mSvy À1 ), A w is activity (Bql À1 ), and IR w is drinking water for a person in a year (40 litres during a treatment cure for adults). The equation
is used for drinking water. The therapeutic thermal water is not for drinking but its maximum dose could cause some health problems if it is drunk. ID F is the AED equivalent conversion factor, which is 2.8 × 10 À4 , 2.3 × 10 À4 , 5.0 × 10 À6 and 3.58 × 10 À4 for 226 Ra, 232 Th, 40 K, and GA, GB, respectively (mSvBq À1 ) (EPA ; WHO ).
RESULTS AND DISCUSSION
The studied thermal waters were collected around the tectonically active zones, geothermal areas and young volcanic centres. Most of the thermal springs are located roughly parallel to active fault systems, e.g., normal, oblique, horst-graben, and around Neogene aged volcanic areas (Figure 1 ). In the wes- The thermal waters are slightly acidic/neutral to alkaline in character. From the hydrogeochemical point of view, the following four water types were defined as Na þ -HCO À 3 , Na þ -Cl À , Na þ -SO 2À 4 , Mg 2þ and/or Ca 2þ -HCO À 3 (Table 1) . EC values and Cl content are high in especially samples (W-7, 8, 9 and 19) taken from near the coast which may reflect mixing with sea water or deep water circulation and partially long residence time (Table 1) . Also, Gökgöz & Tarcan () suggested that Cl-rich waters were sourced from the sea The measured activity concentrations range from 1.385 to 11.025 Bql À1 for 226 Ra, <MDA to 3.477 Bql À1 for 232 Th, <MDA to 0.244 Bql À1 for 137 Cs, 9.679 to 36.989 Bql À1 for 40 K, 0.043 to 3.182 Bql À1 for GA and 0.054 to 1.950 Bql À1 for GB in the water samples (Table 2, Figure 3 Görür & Camgöz ). The GB activity is commonly higher than the GA activity possibly reflecting the geochemical composition of the source rocks where radionuclides of the thorium series are more abundant than those of the uranium series. Most of the measured GA and some of the GB activity is higher than the recommended limit for drinking water (WHO , Table 2, Figure 3(b) ). Therefore, the use of this water for drinking is not suitable. In the chloride-rich waters, samples W-7, 8, 9 and 19, a strong positive correlation is found between the Cl concentration and 226 Ra activity The highest 40 K was measured for peloid samples P-11, 20 and 20/1 and is 1,698, 1,516 and 1,041 Bq/kg, It was determined that GA and GB activity concentrations are generally lower than recommended values for drinking water by WHO (), and the measured GA and GB values are generally in similar ranges of other spring waters in the world (Table 2, Figure 3(b) ).
Recommended activity limit values for gamma emitters (32, 45 and 420 Bql À1 for 226 Ra, 232 Th and 40 K, respectively) by UNSCEAR were not exceeded (Figure 3(a) ). Recommended activity limit values for GA and GB by WHO () were exceeded by 82% and 21% of samples, respectively. Total calculated AED values were given as the sum of the 226 Ra, 232 Th, 137 Cs, 40 K, GA and GB dose values (Table 3 ). The largest and lowest contribution to the total dose was sourced from 226 Ra and 40 K, respectively. The total AED is between 0.040 and 0.173 mSvy À1 and mean value is 0.086 mSvy À1 . The recommended AED value is 0.1 mSvy À1 (WHO ) and 33% of samples exceed this value (Tables 2 and 3 ).
CONCLUSION
In this study, physical properties, major element compositions and radioactivity profiles ( 226 Ra, 232 Th, 137 Cs, 40 K, GA and GB) of some therapeutic spa waters in Turkey were investigated. According to their major anion and cation content, water types were classified as Na þ -HCO À 3 , Na þ -Cl À , Na þ -SO 2À 4 , Ca 2þ and/or Mg 2þ -HCO À 3 . The investigated properties of the waters vary over a wide range, depending on the nature of the aquifer, e.g., mixing sea Most of the GA and some of the GB radioactivity concentrations are higher than the recommended guideline activity concentrations by WHO () for drinking water.
Values of GA in 82% and GB in 21% of the samples were higher than the recommended limit values. 33% of the samples exceed the recommended activity and AED values. 226 Ra is the main contributor to the AED. The thermal waters are not used for drinking purposes, however, based on the radiological properties of the investigated waters, some problems can be caused when using therapeutic treatments with peloids.
